Quantitative probing of heterogeneous regions in muscle is feasible with phosphorus-31 magnetic resonance spectroscopy because of the differentiation of metabolic patterns of glycolytic and oxidative fibers. A differential recruitment of oxidative and glycolytic fibers during exercise was demonstrated in 4 of 10 untrained young men by following changes in phosphate metabolites. Concentrations of inorganic phosphate (Pi), phosphocreatine, and ATP were estimated in the wrist flexor muscles of the forearm at rest, during two cycles of three grades ofexercise, and in recovery. At high work levels (40% of maximum strength), two distinct Pi peaks were observed and identified with Pi pools at pH 6.9 and pH 5.9-6.4, respectively. These could be accounted for as follows. At the lowest level of work (using 20% of maximum strength), early recruitment primarily of oxidative (type I) and possibly some intermediate (type HA) muscle fibers occurs with relatively little net lactate production and consequently little decrease in pH. At higher work loads, however, primarily glycolytic (type UB) muscle fibers are recruited, which have relatively high net lactate production and therefore generate a second pool of Pi at low pH. ATP depletion (35-54%) and Pi losses accompanied the reduction in ability to perform during the first exercise cycle. When the cycle of graded exercise was repeated immediately, the total Pi remained high but gave rise to only one peak at pH 6.8-7.0. These observations indicated exhaustion of glycolytic type IIB fibers, removal of lactate by high local blood flow, and sustained contractions largely by oxidative type I and HA fibers. A functional differentiation of fiber types could also be demonstrated during recovery if exercise was stopped while two pools of P1 were still apparent. In the first 3 min of recovery, the Pi peak at pH 6.86.9 disappeared almost entirely, whereas the Pi peak at pH 6.0 remained unaltered, reflecting the faster recovery of oxidative type I fibers. The potential of magnetic resonance spectroscopy to characterize oxidative and glycolytic fibers, predict capacity for aerobic performance, and signal the presence of muscle pathology is discussed. By determining the enzyme and metabolite levels in muscle homogenates and single muscle fibers from serial biopsy samples, the recruitment of oxidative and glycolytic fibers in endurance athletes and untrained subjects has been studied (9) (10) (11) (12) (13) (14) . It was concluded that the oxidative muscle fibers, types I and IIA, are recruited first at low work loads (15-18) and the fast-twitch glycolytic fibers, type IIB, are predominantly recruited when the work load is raised (18, 19) . The oxidative fibers break down relatively little glycogen, oxidize pyruvate readily, thereby minimizing net lactate production, and maintain their content of ATP and phosphocreatine (PCr) during work relatively well. The glycolytic fibers, on the other hand, break down much more glycogen and produce more lactic acid, which they can oxidize only slowly. Consequently their content of ATP and PCr is readily depleted during exercise (20). These findings will be utilized in the interpretation of the MRS data. METHODS MRS Measurements. Spectra were acquired using a Fourier-transform magnetic resonance spectrometer [TMR 32 (Oxford Research Systems, Oxford) or PE 280 (PhosphoEnergetics, Philadelphia)]. The subject's upper forearm was placed in the homogeneous region of a 1.9-T superconducting magnet with a 26.7-cm bore, and the wrist flexor muscles were secured against an inductively driven coil, 4 cm in diameter (6, 21). Spectra of phosphorus-containing metabolites were obtained at 32.5 MHz during rest and during exercise at three different levels of work. For spectral acquisition, a pulse of 45 pasec with a repetition time of 5 sec was used over a 3-min period. Relative concentrations of metabolites-i.e., Pi, PCr, and ATP-were calculated from their resonance areas as determined by triangulation and/or the nonlinear, least-squares curve-fitting program of J.H. (unpublished). The areas were corrected for saturation effects as described (22) . Absolute values of the concentrations of metabolites in the resting forearm were obtained by assuming that the area of the ,3-phosphorus peak of ATP in the resting muscle was proportional to the ATP concentration of normal resting human muscle, namely 5.5 mmol per kg of wet weight as determined chemically in biopsy samples by Abbreviations: MRS, magnetic resonance spectroscopy; PCr, phosphocreatine. To whom reprint requests should be addressed.
respectively. These could be accounted for as follows. At the lowest level of work (using 20% of maximum strength), early recruitment primarily of oxidative (type I) and possibly some intermediate (type HA) muscle fibers occurs with relatively little net lactate production and consequently little decrease in pH. At higher work loads, however, primarily glycolytic (type UB) muscle fibers are recruited, which have relatively high net lactate production and therefore generate a second pool of Pi at low pH. ATP depletion (35-54%) and Pi losses accompanied the reduction in ability to perform during the first exercise cycle. When the cycle of graded exercise was repeated immediately, the total Pi remained high but gave rise to only one peak at pH 6.8-7.0. These observations indicated exhaustion of glycolytic type IIB fibers, removal of lactate by high local blood flow, and sustained contractions largely by oxidative type I and HA fibers. A functional differentiation of fiber types could also be demonstrated during recovery if exercise was stopped while two pools of P1 were still apparent. In the first 3 min of recovery, the Pi peak at pH 6.86.9 disappeared almost entirely, whereas the Pi peak at pH 6 .0 remained unaltered, reflecting the faster recovery of oxidative type I fibers. The potential of magnetic resonance spectroscopy to characterize oxidative and glycolytic fibers, predict capacity for aerobic performance, and signal the presence of muscle pathology is discussed.
Three fiber types in human skeletal muscle have been classified by staining methods for myosin ATPase (1) (2) (3) and by enzyme assays for lactate dehydrogenase and adenylate kinase in single fibers (4, 5) . By both types of methods, the following classification has been established: (i) slow-twitch (type I) red fibers, rich in oxidative enzymes and poor in enzymes of glycolysis; (ii) intermediate fast-twitch (type IIA) fibers, with substantial amounts of both oxidative and glycolytic enzymes; and (iii) fast-twitch (type IIB) white fibers, rich in glycolytic enzymes and low in oxidative enzymes. Type I and type IIA fibers provide the endurance capability for prolonged exercise. This has been analyzed in previous 31p magnetic resonance spectroscopy (MRS) studies in terms of maximum velocity of oxidative metabolism (Vm) in steadystate, graded exercise (6, 7) . Type IIB glycolytic fibers supply ATP rapidly but are unable to maintain the ATP level and consequently fatigue readily. This paper provides direct evidence of the time course for recruitment of glycolytic and oxidative fibers in exercising human muscle by 31P MRS measurements of ATP deficits and acidotic Pi pools (8) .
By determining the enzyme and metabolite levels in muscle homogenates and single muscle fibers from serial biopsy samples, the recruitment of oxidative and glycolytic fibers in endurance athletes and untrained subjects has been studied (9) (10) (11) (12) (13) (14) . It was concluded that the oxidative muscle fibers, types I and IIA, are recruited first at low work loads (15) (16) (17) (18) and the fast-twitch glycolytic fibers, type IIB, are predominantly recruited when the work load is raised (18, 19) . The oxidative fibers break down relatively little glycogen, oxidize pyruvate readily, thereby minimizing net lactate production, and maintain their content of ATP and phosphocreatine (PCr) during work relatively well. The glycolytic fibers, on the other hand, break down much more glycogen and produce more lactic acid, which they can oxidize only slowly. Consequently their content of ATP and PCr is readily depleted during exercise (20) . These findings will be utilized in the interpretation of the MRS data. METHODS MRS Measurements. Spectra were acquired using a Fourier-transform magnetic resonance spectrometer [TMR 32 (Oxford Research Systems, Oxford) or PE 280 (PhosphoEnergetics, Philadelphia)]. The subject's upper forearm was placed in the homogeneous region of a 1.9-T superconducting magnet with a 26.7-cm bore, and the wrist flexor muscles were secured against an inductively driven coil, 4 cm in diameter (6, 21) . Spectra of phosphorus-containing metabolites were obtained at 32.5 MHz during rest and during exercise at three different levels of work. For spectral acquisition, a pulse of 45 pasec with a repetition time of 5 sec was used over a 3-min period. Relative concentrations of metabolites-i.e., Pi, PCr, and ATP-were calculated from their resonance areas as determined by triangulation and/or the nonlinear, least-squares curve-fitting program of J.H. (unpublished). The areas were corrected for saturation effects as described (22) . Absolute values of the concentrations of metabolites in the resting forearm were obtained by assuming that the area of the ,3-phosphorus peak of ATP in the resting muscle was proportional to the ATP concentration of normal resting human muscle, namely 5.5 mmol per kg of wet weight as determined chemically in biopsy samples by Abbreviations: MRS, magnetic resonance spectroscopy; PCr, phosphocreatine. To whom reprint requests should be addressed.
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Harris et al. (23 (9-11, 14, 24, 25) .
By contrast, the exercise performance of 10 untrained, normal subjects showed more acidosis and more variability in performance and ability to maintain ATP levels. At high work loads, 4 of these subjects exhibited two Pi peaks differing in pH by as much as 1.0 unit. In keeping with earlier studies by other methods (1-5, 9-11, 24, 25) [16] [17] [18] min. The pH ranged from 6.9 to 7.0.
could be ascribed to contractile activity of oxidative fibers (types I and 11A), which produce very little net lactate. The minor component at pH 6.3 signaled the recruitment of glycolytic fibers (type IIB), which can cause a substantial lactate accumulation. The P1/PCr ratio of subject I was 0.61, whereas the average value for runners was only 0.45. The difference was presumably due to the recruitment by the untrained subject of a higher fraction of glycolytic fibers (6, 7) , which lack the oxidative capacity to maintain energy-rich phosphate. During the next two exercise periods, when subject I worked at 40o and 47% of his initial maximum level (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) with more asymmetric broadening and partial resolution of the two Pi peaks. This could now be seen in the spectrum at 10-Hz broadening (Fig. 2 , spectra C and D). At the highest work level of the first cycle, the P,/PCr ratio of subject I was 2.1 as compared to 1.5 for the runners. The areas of each phosphate resonance peak in Fig. 2 were determined by a computerized curve-fitting program (Fig. 3) .
During the first exercise cycle, the more acidic Pi resonance at pH 6.2 increased from zero to 63% of the total Pi at the highest work load (16-18 min) (Fig. 3, spectrum A) . During the second exercise cycle (19-36 min), a Pi peak at low pH was not detected (Fig. 3, spectrum B) . Even at 47% maximum work, the Pi peak at high pH showed no evidence of being a composite peak, since the line width was no greater than that of the computed high-pH peak in Fig. 3 , spectrum A.
The distribution of Pi between high-and low-pH pools during the entire exercise sequence is shown in Fig. 4 . At rest, Pi was observed as a single resonance at pH 7.0. With the onset of exercise (1-6 min), the rise in total Pi was due to increases in both pools of Pi (pH 6.9 and 6.3). With more severe exercise (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) min), however, the gain in total Pi was due entirely to increases in the low-pH pool (pH 6.2). Thus, glycolytic fibers appeared to account for virtually all of the increase in contractile strength at high work loads. At the start of the second cycle, at 20% of maximum strength (22-24 min), the spectrum already showed restoration of all Pi to a single pool at pH 6.8. The total Pi remained almost constant thereafter, and its pH rose further to 7.0 despite a higher work output entailing 47% of maximum strength (34-36 min).
In the second cycle of exercise (19- Depletion of ATP During Exercise. Depletion of ATP in the muscles of subject I was observed during the exercise protocol (Fig. 5) tides were unlikely because no significant restoration of ATP was observed during the final 3-min recovery period, whereas PCr levels rose substantially. The depletion of ATP presumably occurred largely in the glycolytic, type IIB fibers. These fibers cannot maintain ATP and PCr after glycogen depletion and lack oxidative capacity for rapid ATP resynthesis (27) . In the final period (34-36 min) the subject exerted his maximum effort but could only generate 47% of his initial maximum strength. This was probably indicative of the contractile strength of the oxidative fibers only.
It was also noted that 37% of total phosphate was lost by the end of the first exercise cycle and was not regained thereafter (Fig. 5) .
Individual Variability in Fiber-Type Recruitment and Exercise Performance. Subject II was a normal man, age 23, whose physical activity program consisted exclusively of weight lifting. It was largely an anaerobic exercise, which would maximize development of glycolytic fibers (type IIB) but would not build endurance capability. A split in the Pi peak was observed in the first exercise cycle, and the spectrum during the period [16] [17] [18] min is shown in Fig. 6 superimposed on that of subject I. At this time, the lifter could only exert 33% of his initial maximum strength instead of the intended 60%. The Pi content of the low-pH peak (pH 6.4) was 48% of the total Pi in contrast to 63% for subject I.
The reduced work output by subject II may account for his relatively high level of PCr.
Subject III was an untrained, normal man, age 21, who was able to reach 55% of his initial maximum work output during the first exercise cycle in the interval 13-18 min. Two Pi peaks with pH values of 6.9 and 6.25 appeared at this time only. The lineshape of the two Pi peaks at high and low pH values (not shown) was similar to that of subject II (Fig. 6) .
Fiber-Type Differentiation During Recovery. Subject IV, an untrained man of age 35, was unique in being unable to perform a second cycle of exercise. Thus, a recovery period was initiated while high-and low-pH pools of Pi were readily visible. His spectrum obtained at rest was unremarkable (Fig.  7, spectrum A) . At 40o maximum work, however, two distinct Pi peaks appeared with pH values of 7.1 and 6.2 (spectrum B). During the next 6 min (13-18 min), subject IV could only reach 44% of his initial maximum strength (spectrum C). The two Pi peaks, wfiich were about equal in area, separated more sharply with pH values of 6.9 and -5.9. The latter value corresponds to the largest chemical shift of Pi observed in a total of some 30 persons executing this protocol. The overall loss of ATP at this point was =35%. 31P magnetic resonance spectrum of subject II, trained as a weight lifter, superimposed on that of untrained subject I (see Fig.  2 ). Spectra of subject II (... ) and subject I (-) were acquired at their highest work levels, exerting 33% and 47% of initial maximum strength, respectively, in the exercise period from 16 to 18 min. To compare more readily the distribution of Pi in the low-and high-pH peaks, spectra were normalized to the larger Pi peak in each case.
At the end of this 18-min exercise, a prolonged recovery period allowed unequivocal differentiation of oxidative and glycolytic fibers. In the first 3 min ofrecovery, the Pi peak at pH 6.8 lost most of its area and there was a concomitant equivalent increase in the PCr resonance (Fig. 7) , which rose to half of its value at rest. In contrast, the Pi peak at pH 6.0 did not change.
During the next 3 min ofrecovery, this pool ofPi, now at pH 6.2, lost half of its content, and PCr increased correspondingly. After 10 min of recovery (data not shown), the Pi was again observed as a single resonance, and the concentration was close to the value at rest. The pH, however, had only risen to 6.6. Had the subject continued exercising, presumably the lactate would have been washed out more completely and the pH would have increased more rapidly.
The events during recovery are explained as follows. The rapid disappearance of the Pi pool at pH 6.9 indicated a fast regeneration of ATP and PCr in the oxidative type I and IIA fibers. By contrast, the persistent pool at pH 5.9-6.2 reflected the weak regenerative capacity ofthe glycolytic type IIB fibers.
After 10 min of recovery, PCr was restored to 80o of the initial resting value. However, ATP was still depleted, suggesting its loss as inosine and adenosine from the muscle cells.
DISCUSSION
Detection of Metabolic Heterogeneity. The discriminatory power of MRS for fiber typing and recruitment was strikingly apparent in a comparison of the nondominant and dominant arms of the untrained individuals (J.H.P., R.L.B., C.R.P., and B.C., unpublished data). In three of the four subjects, two Pi peaks appeared only in the nondominant arm, implying that the more active, dominant arm had a different fiber-type composition and/or recruitment pattern. With the same exercise protocol, six other untrained normal subjects did not show a resolved second Pi peak in either arm. However, an unresolved asymmetric Pi peak with increased linewidth could be seen during the first exercise cycle.
Phosphate Balance. Since exercise by oxidative fibers involves very small loss of total phosphate, particularly for aerobically trained athletes, we attributed most of the phosphate loss in the untrained subjects to the glycolytic fibers (Fig. 5) 
